INTRODUCTION
A number of integrity constraints must be observed when updating a database, in order to preserve the semantics and the quality of stored data (Elmasri & Navathe, 2000) . Achieving and preserving the integrity of data is an established field in the database area. However, within the scope of geographic applications, special problems come up due to the locational aspects of data (Plumber & Groger, 1997) . Most geographical information systems (GIS) use data that depend on topological relationships, and sometimes these data must be explicitly represented in the database, requiring special attention for the maintenance of the semantic integrity. Enforcing the integrity constraints must be considered one of the main implementation goals (Borges et al., 1999) . Thus, it is convenient to explicitly specify on the geographic application schema the situations where the constraints cannot be disregarded. Many mistakes in the data entry process could be avoided, if digitizing processes based on these constraints were implemented.
Even though there is a very active research area interested in the design of robust and efficient spatial databases, it is still evident the inability of current GIS regarding the implementation and management of spatial integrity constraints (Plumber & Groger, 1997; Worboys, 1994) . A modification in a spatial database may cause simultaneous updates in a large number of records in multiple files, making it hard to manage all the environment. A very sophisticated control is required to avoid redundancy and loss of integrity.
In the traditional database systems approach there is a relationship between conceptual, logical, and physical design, in which, through mapping operations, constraints that are identified in the conceptual schema are inherited and transformed into implicit constraints expressed by the data definition language (DDL) or into explicit constraints coded in the application programs (Elmasri & Navathe, 2000) . This relationship must also exist in spatial information systems, so that spatial constraints can be likewise identified and implemented. Improvement of quality is one of the key objectives of establishing integrity constraints in spatial databases (Cockroft, 1997) . It is possible to improve data quality by enforcing constraints upon data entered into a database. These constraints must be identified and recorded at the database design level. However, it can be perceived that modeling geographic data requires models which are more specific and capable of capturing the semantics of geographic data, offering higher abstraction mechanisms and implementation independence (Borges, 1997; Câmara, 1995) . There are particular characteristics of geographic data that make modeling more complex than in the case of conventional applications. Within the geographic context, topologic relations and other spatial relationships are fundamentally important to the definition of spatial integrity rules. In geographic applications, topological and other spatial relationships are translated into topological integrity constraints among database entities, taking a relevant role in the data entry/updating process. "The imposition of such constraints on data entry/update is considered to have potential for the reduction of errors in data input and hence improvement in data quality" (Cockroft, 1997, p. 341) .
This chapter addresses the relationship that exists between the nature of spatial information, spatial relationships, and spatial integrity constraints, and proposes the use of OMT-G (Borges et al., 1999; Borges et al., 2001) , an object-oriented data model for geographic applications, at an early stage in the specification of integrity constraints in spatial databases. OMT-G provides appropriate primitives for representing spatial data, supports spatial relationships and allows the specification of spatial integrity rules (topological, semantic and user integrity rules) through its spatial primitives and spatial relationship constructs. Being an object-oriented data model, it also allows some spatial constraints to be encapsulated as methods associated to specific georeferenced classes. Once constraints are explicitly documented in the conceptual modeling phase, and methods to enforce the spatial integrity constraints are defined, the spatial database management system and the application must implement such constraints.
This chapter does not cover integrity constraints associated to the representation of simple objects, such as constraints implicit to the geometric description of a polygon. Geometric constraints are related to the implementation, and are covered here in a higher level view, considering only the shape of geographic objects. Consistency rules associated to the representation of spatial objects are discussed in Laurini & Thompson (1992) .
Semantic integrity constraints. These constraints are concerned with the meaning of geographic features. Semantic integrity constraints apply to database states that are valid by virtue of the properties of the objects that need to be stored. An example of this constraint is the rule that does not allow a building to be intercepted by a street segment.
User defined integrity constraints. User defined integrity constraints allow database consistency to be maintained as defined by the equivalent of "business rules" in non-spatial DBMS. This type of constraint acts, for instance, on the location of a gas station, which, for legal reasons, must lie farther than 200 meters from any existing school. The municipal permitting process must consider this limitation in its analysis. In another example, engineering limitations regarding the minimum allowable slope must be observed while installing sewer pipes. User-defined constraints may be stored and enforced by an active repository.
According to Elmasri and Navathe (2000) , every data model has a set of built-in constraints associated with its constructs. The OMT-G model allows several spatial integrity rules to be derived from its primitives. These rules constitute a set of constraints that must be observed in the operations that update a geographic database.
The GIS can include features that enforce the fulfillment of some spatial integrity rules, but most of them require the definition of integrity control operations, to be associated with the classes. In most cases, such operations must be implemented by the application's developer. Controlling the integrity constraints must be considered one of the main implementation activities. It is convenient to have the geographic application schema to reinforce at least the situations where this control cannot be disregarded. Many mistakes in the data entry process could be avoided if digitizing procedures based on these constrains are implemented. However, the approach usually employed by commercial GIS products is rather different, since rarely the integrity constraints are enforced by the interactive data entry procedures. In general, inconsistent information is allowed to enter the database, through import functions; later on, a range of correction functions is used to "clean up" the data, verifying its consistency.
Both in the case of integrity constraints and consistency detection, there is the need for some mechanism that will allow the relaxing of the constraints in special situations. For instance, a semantic constraint could naturally establish that streets cannot cross buildings. However, there are some situations, such as blocks of buildings connected by overpasses, in which this rule would need to be relaxed (Laurini, 2001 ).
Topological integrity constraints are achieved through spatial dependence, spatial association, connectivity, and geo-fields rules. Likewise, semantic integrity constraints are achieved through spatial association and disjunction rules. User-defined integrity constraints are in turn obtained from methods that can be associated to the classes. The implementation of any of these rules is dependent of the underlying GIS. Some of them are available as internal functions, while others must be implemented by the developer of the application, using the programming language provided with the GIS.
In order to adequately explain such integrity constraints, we must first present OMT-G in more detail. Later on, we will describe formally each integrity constraint that can be derived from the OMT-G primitives.
THE OMT-G MODEL AND SPATIAL INTEGRITY CONSTRAINTS

Model Overview
Starting from the primitives of the UML class diagram, geographic primitives were introduced with the objective of increasing its semantic capabilities, thereby reducing the distance between the mental model of the space to be modeled and the usual representation model. Therefore, OMT-G provides primitives to model the geometry and topology of geographic data, providing support for "whole-part" topologic structures, network structures, multiple views of objects, and spatial relationships. Besides, the model allows for the specification of alphanumeric attributes and associated methods for each class. The main strong points of the model are its graphic expressiveness and its representation capabilities, since textual annotations are replaced by the drawing of explicit relationships, representing the dynamics of the interaction between the various spatial or non-spatial objects.
The OMT-G model is based on three main concepts: classes, relationships, and spatial integrity constraints. Classes and relationships are the basic primitives that are used to create application schemas with OMT-G. For that purpose, OMT-G proposes the use of three different diagrams in the process of designing a geographic application (Borges et al., 2001; Davis, 2000) . The first, and more usual one, is the class diagram, in which all classes are specified, along with their representations and relationships. From this schema, it is possible to derive a set of spatial integrity constraints that must be observed in the implementation. When the class diagram indicates the need for multiple representations of any class, or when the application involves the derivation of some class from others, a transformation diagram must be built. In it, all transformation processes can be specified, allowing for the identification of any required methods for the implementation. Finally, a presentation diagram must be built in order to provide guidelines for the visual aspect of objects in the implementation. There can be several visual aspects for any given class, which allows the definition of a view or set of views for each application or group of users.
The next sections cover the primitives used to build class diagrams, from which spatial integrity constraints can be obtained. Transformation and presentation diagrams are not covered here. For more information on the use of these tools for the specification of geographic applications, including multiple representation and multiple presentation aspects, see Borges et al. (2001) .
Classes
The classes defined by the OMT-G model represent the three main groups of data (continuous, discrete, and non-spatial) that can be found in geographic applications, thereby allowing for an integrated view of the modeled space. The classes can be georeferenced or conventional.
The distinction between georeferenced and conventional classes allows different applications to share non-spatial data, therefore making it easier to develop integrated applications and to reuse data (Oliveira et al., 1997) . A georeferenced class describes a set of objects that have spatial representation and are associated to features on Earth (Câmara, 1995) , assuming the fields and objects view as proposed in (Frank & Goodchild, 1990; Goodchild, 1992) . A conventional class describes a set of objects with similar properties, behavior, relationships, and semantics, and which can have some sort of relationship with spatial objects, but which do not have geometric or geographic properties.
Georeferenced classes are specialized into geo-field and geo-object classes. Geo-field classes represent objects and phenomena that are continuously distributed over the space, corresponding to variables such as soil type, relief, and mineral contents (Câmara, 1995) . Geo-object classes represent individual, particular geographic objects, which can usually be traced back to real world elements, such as buildings, rivers, and trees. A georeferenced class is symbolized by a rectangle, subdivided in three sections (Figure 3 .1a). The top section carries a pictogram in its left side to indicate the geometry of the representation. Adding pictograms to the primitive element used to portray geographic classes (instead of using relationships to describe the geometry of the object) significantly simplifies the final schema. The notation used for conventional classes corresponds to the notation used in the UML (Rational, 1997) . Objects may or may not have non-spatial attributes, listed in the middle section of the complete representation. Associated methods or operations are specified in the lower section. A simplified symbolization can be used both for georeferenced and conventional classes, leaving out the bottom section and listing only the main attributes in the middle section (Figure 3 .1b). 
Geo-fields
OMT-G has five geo-field descendant classes: isoline, planar subdivision, tesselation, sampling, and triangular irregular network (Figure 3 .2). From the semantics involved in the concept of geo-fields, and from the specific definition of these classes, some spatial integrity rules can be deduced. These rules constitute a set of constraints that must be observed in the operations that update the geographic database. In the case of the geo-field primitives, the spatial integrity rules listed in Table 1 can be derived. These rules are mostly derived from the semantics of the geo-field descendant classes. Then a value V(P) = f(P, F), i.e., the value of F at P, can be univocally determined.
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Planar Subdivision
4. Let F be a geo-field. Let A = {A 0 , A 1 , A 2 , ..., A n } be a set of polygons such that A F i ⊂ for all i such that 0 1 ≤ ≤ − i n . A forms a planar subdivision representing F if and only if for any point P F ⊂ , there is exactly one corresponding polygon A A i ∈ , for which a value of F is given (that is, the polygons are non-overlapping and cover F entirely). 
Geo-objects
OMT-G has two geo-object descendant classes: geo-object with geometry and geo-object with geometry and topology.
A geo-object with geometry class represents objects which have only geometric properties (points, lines, and polygons), and is specialized precisely in classes named Point, Line, and Polygon. Examples include, respectively, bus stop, curb line, and municipal limits.
A geo-object with geometry and topology represents objects which have, in addition to geometric properties, topological connectivity properties, and are specifically suited to the representation of spatial network structures, such as water supply systems, electrical distribution systems, or road networks. These properties are present in objects that are either nodes or arcs, in a graph-theoretic approach. Unidirectional lines indicate that the network has a definite flow direction, such as in sewage systems. Bidirectional lines indicate that there is a flow and a connection. The direction of the flow, in this case, is deemed irrelevant, since it can occur in any direction, as in water or electrical networks. The focus here is not on the implementation of the relationship, but rather on the semantics of the connection among network elements, which is a relevant element for spatial integrity assurance procedures. The implementation will depend on specific characteristics of the underlying GIS. This class specializes into subclasses Node, Unidirectional Line, and Bidirectional Line (Figure 3.3) . Geo-objects with geometry and topology are not subject to a set of integrity constraints by themselves, but their use is conditioned to the existence of network relationships, which are specified in Section 3.3.1 (see Table 4 for the corresponding integrity constraints). Geo-objects with geometry and topology
Figure 3.3 -Geo-object classes
The geometric concepts used in the definition of points, lines (including lines with a topological role), and polygons lead to some integrity constraints. These constraints should be intrinsically enforced by the GIS, but since this is not always the case, this matter will be discussed here.
In computational geometry, a polygonal line or a polygon are defined as simple whenever there are no crossings between non-adjacent segments, and complex in the opposite case. The formal conditions for a line to be considered simple correspond to the first two conditions in the isoline constraint (Table 1) . As a matter of fact, GIS software usually do not forbid the creation of complex lines; however, this type of line seldom occurs in nature. Furthermore, such lines raise difficulties for topological analysis and in operations such as the creation of buffers. Actually, several GIS include data entry cleaning modules which are capable of finding and eliminating such situations, by displacing vertices and/or dividing the lines into two or more simple parts.
The geometric definitions adopted in the OMT-G model admit the existence of geo-objects that are formed by several polygons, establishing one of them as the "basic" polygon and considering the others as islands or holes. These polygons which are composed of multiple parts (or polygonal regions (Laurini & Thompson, 1992) ) are important, since there is no guarantee that the results of traditional operations, such as buffer creation, union, intersection, and difference between simple polygons, is always formed with simple polygons. In this case, an important requirement is that the basic polygon and the islands have their vertices stored in counterclockwise order, while the holes are stored in clockwise order (Margalit & Knott) . Constraints regarding lines and polygons are presented in Table 2 . , , , K − be n points in the plane, with n > 3 . Let
1 be a sequence of n -1 segments, connecting the points. These segments form a simple polygon P if, and only if, (1) the intersection of adjacent segments in P is only the extreme point shared by the segments (i.e., 
Polygonal Region
3. Let R = {P 0 , P 1 , ..., P n-1 } be a set formed by n simple polygons in the plane, with n > 1. Considering P 0 to be a basic polygon, R forms a polygonal region if, and only if, (1) P P i j ∩ =∅, for all i j ≠ , (2) polygon P 0 has its vertices coded in a counterclockwise fashion, (3) P i disjoint P j (see Table 3 ) for all P P i ≠ 0 in which the vertices are coded counterclockwisely, and (4) P 0 contains P i (see Table 3 ) for all P P i ≠ 0 in which the vertices are coded clockwisely.
Relationships
Considering the importance of spatial and non-spatial relations in the understanding of the modeled space, OMT-G represents the three types of relationship that can occur between its classes: simple associations, spatial relations, and topological network relations. The discrimination of such relations has the objective of defining explicitly the type of interaction that occurs between classes. There are some applications that do not make use of spatial relations, but nevertheless there are applications on which spatial relations have a very relevant meaning, and therefore should be explicitly included in the application schema. Likewise, topological network relations are of fundamental importance for any applications that intend to employ geographic features in the management of spatially-distributed facilities or in the management of flows, such as those in the fields of transportation, energy, telecommunications, and sanitation.
Simple Associations, Spatial Relations, and Network Relations
Simple associations represent structural relationships between objects of different classes, conventional as well as georeferenced. Spatial relations represent the topologic, metric, ordinal, and fuzzy relationships. Some relations can be derived automatically, from the geometry of each object, during the execution of data entry or spatial analysis operations. Geometric relations, such as contain and disjoint, are an example of this. Others need to be specified by the user, in order to allow the system to store and maintain that information. The latter are called explicit relations (Peuquet, 1984) .
In OMT-G, simple associations are indicated by continuous lines, whereas spatial relations are indicated by dashed lines (Figure 3.4) . Therefore, it is simple to distinguish between simple associations (alphanumeric relationships) and spatial relations. 
Figure 3.4 -Relationships
Based on previous works (Câmara, 1995; Clementini et al., 1993; Egenhofer & Franzosa, 1991; Egenhofer & Herring, 1990; Papadias & Theodoridis, 1997) , OMT-G considers a set of nine different spatial relations between georeferenced classes. Clementini et al. (1993) identify a minimum set of spatial relation operators, comprising only five spatial relations, from which all others can be specified: touch, in, cross, overlap, and disjoint. However, we consider that sometimes a larger set is required, due to cultural or semantic concepts that are familiar to the users. These include relations such as adjacent to, coincide, contain, and near, which are in fact special cases of one of the five basic relations, but deserve special treatment because of their common use in practice. Spatial integrity constraints for these relations are listed in Table 3 , but additional constraints can be formulated in case some additional relation is required by the application. These include any kind of directional or relative spatial relations, such as north of, left of, in front of, or above.
Some relationships are only allowed between specific classes, because they depend on the geometric representation. For instance, the existence of a contain relationship assumes that one of the classes involved is a polygon. In this aspect, traditional applications differ from geographic ones, where associations between conventional classes can be freely built, being independent from factors such as geometric behavior. The set of concepts the user has about each real world object strongly suggests a particular representation, because there is an interdependence between the representation, the type of interpretation, and the usage given to each object class. In OMT-G this is considered in order to allow the placement of relations involving georeferenced classes.
Considering the previously listed spatial relationship types, some spatial integrity rules can be established (Table 3 ). These rules are formulated using a notation commonly found in computational geometry, in which objects are indicated by upper-case italic letters (e.g. A, B), their boundaries are denoted as
∂A , and their interiors as
The boundary of a point object is considered to be always empty (therefore the point is equivalent to its interior), and the boundary of a line is comprised of its two endpoints. A function, called dim, is used to return the dimension of an object, and returns 0 if the object is a point, 1 if it is a line, or 2 if it is a polygon. 
In 2. Let A, B be two geo-objects.
Cross 3. Let A be a geo-object of the Line class, and let B be a geoobject of either the Line or the Polygon class. Then (A cross
Overlap 4. Let A, B be two geo-objects, both members of the Line or of the Polygon class.
Disjoint 5. Let A, B be two geo-objects.
Then (A disjoint B) = TRUE ⇔ A B
∩ = ∅
Special cases
Adjacent to
6. Let A be a geo-object of the Polygon class and let B be a geoobject of either the Line or the Polygon class.
Coincide
7. Let A, B be two geo-objects.
Then (A coincide B) = TRUE ⇔ A B A B ∩ = = .
Contain 8. Let A, B be two geo-objects, where A is a member of the Polygon class.
Then (A contain B) = TRUE ⇔ ((B in A) = TRUE) ∧ ((A coincide B) = FALSE)
Near(dist) 9. Let A, B be two geo-objects. Let C be a buffer, created at a distance dist around A.
The disjoint rule is very important to maintain the integrity of the data stored in the database, and it must be used in order to check input data. For instance, if the classes Street Segment and Building are disjoint, it means that there can never be a street segment overlapping a building. If it becomes necessary to draw a street segment over a building, the building must first be deleted. The street segment and building creation routines can enforce this rule.
The near rule is the only one described in Table 3 that requires a parameter. Since the notion of proximity varies according to the situation, a precise distance must be supplied in order to allow for the correct evaluation of the relationship.
As an example, consider the classes Address and Bus Stop. In order to establish the relationship between instances of these classes, the maximum distance at which the bus stop is still considered to be near some address must be defined, for instance 500 meters.
In OMT-G, network relations are relationships among objects that are connected with each other. As previously mentioned, a network relationship only shows the need for a logical connection, not a requirement for the implementation of a particular structure. Network relations are indicated by two parallel dashed lines, linking a node class to an arc class. Network structures can be built without nodes, requiring a recursive relationship on the class which represents graph segments. The name given to the network is annotated between the two dashed lines (Figure 3 .4c). The connectivity rules, which apply to network relationship primitives, are listed in Table 4 .
Table 4 -Connectivity rules
Arc-node structure
Let G = {N, A} be a network structure, composed of a set of nodes N = {n 0 , n 1 , ..., n p } and a set of arcs A = {a 0 , a 1 , ..., a q }. Members of N and members of A are related according to the following constraints:
1. For every node n N i ∈ there must be at least one arc a A k ∈ .
For every arc a
A k ∈ there must be exactly two nodes n n N i j , ∈ .
Arc-arc structure
Let G = {A} be a network structure, composed of a set of arcs A = {a 0 , a 1 , ..., a q }. Then the following constraint applies:
1. Every arc a A k ∈ must be related to at least one other arc a A i ∈ , where k i ≠ .
As an example of the usage of these rules, consider a sewage network which is an arc-node logical structure. Nodes are used to represent network elements such as manhole, sewage treatment station, and discharge, and arcs are used to represent piping segments. The system is required to ensure the connection between all types of nodes and segments. Network relations can be maintained by the GIS using special data structures, and are represented by connecting arcs and nodes. Connectivity rules are usually enforced by the GIS itself.
Cardinality
Relationships are characterized by their cardinality. The notation for cardinality adopted by OMT-G (Figure 3 .5) is the same used by UML (Rational, 1997) . Of course, the cardinality of the relationships constitutes a form of integrity constraint, usually called structural constraints (Elmasri & Navathe, 2000) , which exist regardless of the spatial characteristics of the data. 
Generalization and Specialization
Generalization is the process of defining classes that are more general (superclasses) than classes with similar characteristics (subclasses) (Elmasri & Navathe, 2000; Laender & Flynn, 1994) . Specialization is the inverse process, in which more specific classes are detailed from generic ones, adding new properties in the form of attributes. Each subclass inherits attributes, operations, and associations from the superclass.
In the OMT-G model, the generalization and specialization abstractions apply both to georeferenced classes and conventional classes, following the definitions and notation proposed for UML, where a triangle connects a superclass to its subclasses (Figure 3.6a, b) . Each generalization can have an associated discriminator, indicating which property is being abstracted by the generalization relationship. Generalizations (spatial or not) can be specified as total or partial (Laender & Flynn, 1994; Rational, 1997) . A generalization is total when the union of all instances of the subclasses is equivalent to the complete set of instances of the superclass. UML represents the totality constraint by using the predefined constraint elements complete and incomplete, but in OMT-G we have adopted the notation presented by Laender and Flynn (1994) , in which a dot is placed in the upper vertex of the triangle that denotes generalization (Figure 3.7) . Additionally, OMT-G also adopts the original OMT notation (Rumbaugh et al., 1991) for the UML predefined constraint elements disjoint and overlapping, that is, in a disjoint relation the triangle is left blank and in a overlapping relation the triangle is filled. Therefore, the combination of the disjunction and totality aspects of generalization generates four types of constraints that apply to generalization/specialization. Figure 3 .7 shows examples of each combination. Notice that completeness and disjointness are also specifications that force the implementation of corresponding integrity constraints, regardless of the spatial characteristics of the data. 
Aggregation
Aggregation is a special form of association between objects, where one of them is considered to be assembled from others. The graphic notation used in OMT-G follows the one used by UML (Figure 3.8 ). An aggregation can occur between conventional classes, between georeferenced classes, and also between georeferenced and conventional classes (Figure 3.9) . When the aggregation is between georeferenced classes, spatial aggregation must be used. 
-Aggregation between conventional and georeferenced classes
Spatial aggregation is a special case of aggregation in which topological "wholepart" relationships are made explicit (Abrantes & Carapuça, 1994; Kösters et al., 1997) . The usage of this kind of aggregation imposes spatial integrity constraints regarding the existence of the aggregated object and the corresponding sub-objects. Beyond providing more clarity and expressiveness to the model, the observation of these rules contributes to the maintenance of the semantic integrity of the geographic database. In spatial aggregation, also called topological "whole-part", the geometry of each part is entirely contained within the geometry of the whole. Also, no overlapping among the parts is allowed and the geometry of the whole is fully covered by the geometry of the parts. The notation for this structure is presented in Figure 3 .10, where it is specified that blocks are composed of parcels, that is, blocks are geometrically equivalent to the union of adjacent parcels. This implies that (1) no area belonging to the block can exist outside of a parcel, (2) no overlapping can occur among parcels that belong to a block, and (3) no area belonging to a parcel can exist outside of a block. These three principles are stated in Table 5 and correspond to the spatial integrity constraints associated with the spatial aggregation primitive.
Block Parcel
Figure 3.10 -Spatial aggregation ("whole-part")
Notice that the class diagram does not specify whether the whole can be assembled from individual parts in an automatic fashion, nor does it specify whether the parts can be obtained automatically from the whole. If such automatic generation of instances can be specified, then it is done in the transformation diagram (Davis, 2000) , by specifying exactly which transformation operation should be used. This transformation must ensure the application of the integrity constraints for spatial aggregation, as stated in Table  5 . Table 5 -Spatial aggregation integrity rules
Spatial aggregation
Let P P P P n = { , , } 
Conceptual Generalization
The spatial primitive conceptual generalization is used to record the need for different representations for a given object . In this type of relationship, the superclass does not need to have a specific representation. However, its subclasses are represented by distinct geometric shapes, being allowed to inherit the superclass' alphanumeric attributes and to include specific attributes of their own. The objective of the use of this primitive is to allow relationships involving each representation style to be made explicit. As previously shown, the way a class is represented influences the spatial relationship types that can occur. The same representation alternative is allowed in more than one subclass, because in each one the level of detail or resolution can vary.
Conceptual generalization can occur in two representation variations: according to geometric shape and according to scale. The variation according to geometric shape is used to record the simultaneous existence of multiple scale-independent representations for a class. For instance, a river can be represented by its axis, as a single line, as the space between its margins, as a polygon covered by water, or as a set of flows (directed arcs) within river sections, forming a hydrographic network (Figure 3.11a) . Variation according to scale is used in the representation of different geometric aspects of a given class, each corresponding to a range of scales. A city can be represented by its political borders (a polygon) in a larger scale, and by a symbol (a point) in a smaller scale (Figure 3 .11b).
The notation used for cartographic generalization uses a square to connect the superclass to its subclasses. The subclass is connected to the square by a dashed line. As a discriminator, the word Scale is used to mean variation according to scale, and the word Shape is used to determine variation according to geometric shape. The square is blank when subclasses are disjoint and filled if subclass overlapping is allowed (Figure 3.11) . As in the case of generalization and specialization, the disjointness defines an integrity constraint, in which an instance of the superclass can only belong to one of the subclasses, and therefore multiple representations for a single superclass instance are not allowed. The variation according to geometric shape can also be used in the representation of classes which simultaneously have georeferenced and conventional instances. For instance, a traffic sign can exist in the database as a non-georeferenced object, such as a warehouse item, but it becomes georeferenced when installed at a particular location (Figure 3.12) . Notice that the conceptual generalization in Figure 3 .12 is also disjoint, and therefore a given traffic sign can either be in stock, or installed at a definite geographic position -it cannot be both at the same time. Except for the inheritance of superclass characteristics by subclasses, the conceptual generalization primitive does not define any additional spatial integrity constraints. Notice, however, that some generalization operations (particularly cartographic generalization) can inadvertently cause modifications in spatial relationships. The application must ensure that, when a more general (less detailed) class is generated from a more detailed one, the same topological relationships must hold (Egenhofer et al., 1994; Paiva, 1998) .
APPLICATION EXAMPLE
In order to illustrate the spatial integrity constraints derived from the primitives and spatial relationships included in OMT-G, a sample model is presented in this section, corresponding to part of a family health application. Figure 4 .1 shows the class diagram for the example application. The geographic space for the application corresponds to a municipality. A set of digital orthophotos covers the entire municipal territory, to be used as background information for the application. The municipal space is subdivided into health districts, which are responsible for decentralized health services. Each district employs health agents, who care for families who live within the district's area. The districts contain blocks, which are in turn subdivided into parcels. Blocks and parcels are represented by their polygonal boundary. Parcels can be unoccupied or built, depending on whether one or more buildings have been erected on them. Building addresses are formed by concatenating the thoroughfare code to the street number. Each address is defined as a symbol, and is to be located inside the parcel's boundary. Only built parcels can have addresses (a user defined integrity constraint). A thoroughfare is represented by its segments, which take on the role of arcs in a street network. The nodes are thoroughfare intersections, at the crossings. Each health agent is responsible for regularly visiting a number of families, applying preventive medicine actions, such as newborn follow-up, pregnancy control, vaccination, sanitary conditions inspection, and others. Each family member is registered in the system, along with their individual data and medical history. The agents have routes to follow, going from home to home. From the class diagram, following the definitions of the spatial constraints provided earlier, it can be observed that the integrity constraints listed in Table 6 apply. Besides the spatial integrity constraints listed in Table 6 , integrity constraints corresponding to the simple associations included in the diagram must be specified. There is also the need to specify the integrity constraint on the specialization relationship between Parcel, Unoccupied parcel and Built parcel. The cardinality of all simple associations and spatial relationships must also be specified as structural constraints.
FUTURE DEVELOPMENTS
Current GIS products are the descendants of a long line of verticalized software, in which all the relevant functions were implemented by the GIS developers and incorporated, usually in a proprietary fashion, to the software. It is very common to find GIS implementations which incorporate primitive spatial database management functions, while providing some sort of interface to standard relational database management products. Only recently, after the release of the Open GIS Consortium's Simple Features Specification, traditional Database Management Systems (DBMS) have begun to incorporate more adequate support for spatial data, using object-relational tables and spatial indexing. GIS developers are slowly realizing that the possibility of using a spatial DBMS underlying their products is a good alternative, and are therefore delivering interfaces to them.
However, current spatial DBMSs do not implement spatial integrity constraints in the same way they support relational integrity constraints. Rather, they assume that all the spatial integrity checking will be made by the GIS, during the data entry process, and prior to the storage in the database. We feel that, if clear rules can be formulated, spatial integrity constraints can be translated from the conceptual schema to the implementation schema, and could therefore be incorporated as a part of the spatial database's design. A careful examination of the spatial integrity rules presented in this chapter shows that every one of them can be implemented with the help of well-known computational geometric algorithms, such as point-in-polygon (Preparata & Shamos, 1988) , line intersection (Cormen et al., 1990; Preparata & Shamos, 1988) , polygon intersection/union/difference (Margalit & Knott, 1989) , or by locally building and using well-known topological structures, such as winged-edge (Baumgart, 1975) . Also, the user must be allowed to formulate specific spatial integrity constraints, as required by the application. This can be done by either providing a verification function, or by using a combination of existing ones, algorithms that have been a part of commercial GIS for a long time, such as slivers and gaps detection, edge-matching, line simplification, and others.
While these constraint verifications can be incorporated to the GIS, one of the strongest arguments for installing a spatially-enabled DBMS in a corporate environment is to enable the use of a wide array of client products, each specializing in a specific aspect of the use of spatial data in the organization: database maintenance, spatial analysis, map production, integration with legacy systems, and so on. The only way to be sure that every modification of the spatial data results in an integral database is to implement the spatial integrity constraints as a function of the DBMS, adapting the client applications to reflect (and to benefit from) that functionality.
When the integration of spatial integrity constraints to spatially-enabled DBMSs is implemented, GIS developers and users will be allowed to invest on other aspects of the applications, such as multiple representations (Davis, 2000) and the use of ontologies to bring the application closer to the user's mental model (Fonseca, 2001 ).
